Objective: To test a new system designed for digital recording of skin and air temperature, thereby allowing analysis of cyclic changes in temperature in neonates in servo-controlled incubators.
Background
The literature on maturation of rhythmicity in neonates is growing rapidly; it includes circadian (cycles of 24 h) and ultradian (cycles <24 h) cycles. [1] [2] [3] [4] Circadian rhythms are genetically programmed, as shown by studies in fruitflies. 5, 6 The circadian timing system is controlled by an internal time clock located at the suprachiasmatic nuclei of the anterior hypothalamus. 1, 2 Circadian fetal rhythms synchronized with maternal cycles are replaced by ultradian cycles at birth, until a circadian cycle reappears with maturation. 7, 8 In preterm infants, circadian rhythms, not usually observed in the neonatal intensive care unit (NICU), may be observed close to discharge. 9 In the Stanford Cycled Lighting Study, differences in circadian rhythms in temperature were not detected between the two groups before discharge from the NICU. 10 In contrast, using regular 12-h cycles of light dimming, rather than continuous light dimming, results in day-night rhythms in activity patterns being detected shortly after discharge to home in premature infants. 11 Preterm infants have circadian periodicity of abdominal skin temperature at 44 weeks postconceptional age. 12 In healthy full-term infants, skin and rectal temperatures show circadian rhythmicity that increases in amplitude from 2 days to 4 weeks of life, independently of sleep and activity. 13 Cyclicity of preterm sleep behavior at 25 to 30 weeks of postconceptional age has an average duration of 68±19 min (mean±s.d.) (range 37 to 100 min).
14 Immature cyclic variations have been observed on amplitude-integrated encephalography at 23 to 24 weeks. [15] [16] [17] [18] Development of mature sleep wake cycling (defined as regular rhythmic sinusoidal variations of amplitude with a cycle X20 min) occurs with postmenstrual age (PMA), 16 independently of gestational age (GA). 19 The amplitude of neonatal ultradian rhythms of abdominal skin temperature increases with postconceptional age in healthy but not in sick preterm infants. 20 Neonatal ultradian rhythms of temperature, heart rate and activity patterns may be influenced by schedules of infant care, feeding and physical contact. 1, 2 Cycles of cardiovascular regulation usually range between 1 s and several minutes. They involve autoregulation of cerebral blood flow and regulation of heart rate. Cerebral blood flow autoregulation in preterm infants has been tested by coherence (squared correlation between blood pressure and blood flow at each range of frequency) analysis at frequencies <0.1 Hz (cycle period >10 s). 21 The frequency-specific amplitude of heart rate variability contains two peaks: low-frequency fluctuations, occurring at 0.03 to 0.15 Hz (cycle duration between 7 and 33 s), are jointly mediated by the sympathetic and parasympathetic nervous systems, whereas high-frequency fluctuations occurring at 0.5 to 1 Hz (cycle duration 1 to 2 s) are mediated only by the parasympathetic nervous system. 22 Most high-risk infants in the NICU are currently on a servocontrolled system, which is designed to prevent hypothermia, hyperthermia or temperature instability (inability to maintain a stable core temperature). Compared to setting a constant incubator air temperature of 31.81C, servo-control of abdominal skin temperature at 361C reduces neonatal mortality rate among low birth weight infants. 23 Episodes of hypo-or hyperthermia may result from environmental causes (e.g., a malfunctioning incubator or temperature probe) or from a disease process such as an infection. Highly efficient servo-control systems may maintain a normal body temperature by adjusting heat output, rather than turning the heating power on or off, 24 so that measuring only body temperature may delay the diagnosis of temperature instability. Preliminary data in our NICU were obtained in one extremely low GA infant who developed bacterial sepsis while on a servocontrolled radiant warmer. In this neonate, sepsis was preceded by more than 24 h of air temperature oscillations with periods of 2 to 3 h and amplitude starting at 41C and increasing up to 101C, whereas skin temperature remained normal.
The objective of this pilot study was to describe cyclic temperature changes in asymptomatic servo-controlled neonates, using a new system designed for digital recording of skin and air temperature.
Materials and methods
Design This is an observational prospective cohort study involving serial measurements of skin probe temperature and air temperature.
Participants
Entry criteria. Infants admitted to the NICU between March 1998 and April 2004 were eligible for the study if they were considered stable by the attending neonatologist taking care of the infant, with a steady weight gain of 10 to 30 g per day for at least 5 days, full or partial enteral feeding, and normal body temperature in a servo-controlled incubator adjusting heat output to the patient's temperature. The latter was defined as 36.5 to 37.51C core temperature with a ±0.51C diurnal variation. Eligible infants were entered into the study after informed consent was signed by the mother.
Exclusion criteria. Subjects were excluded (1) if they had been diagnosed with a suspected or proven infection (with or without antibiotic therapy) within 3 days preceding the study, (2) if they were receiving drugs affecting thermoregulation or skin perfusion, for example, corticosteroids, anticonvulsants, sedatives and cardiovascular drugs, and (3) if they had a major congenital malformation.
Environment, hardware and temperature recording Servo-controlled isolettes were maintained on skin and/or air mode control. Temperatures were kept at a range of 32.6 to 381C based on the GA, postnatal age and weight, according to established standards for thermoneutrality. 25 The temperature-sensing device was used in addition to regular monitoring as standard in the unit. The sensing device did not replace nor interfere with other devices or treatments that have been established as clinical standard. Decisions pertinent to the participants care proceeded in the usual fashion as dictated by best judgment and institutional norms. The instruments utilized were Mon-a-Therm s TM 101 (Mallinckrodt Medical Inc., St Louis, Missouri), Iso-thermex 256 (Columbus Instruments, Columbus, OH) and Spacelabs Ultraview s . These devices have comparable accuracies of ±0.11C (25 to 411C) and ±0.21C (41 to 501C) and a resolution of 0.11C. The measurement of temperature followed the principle of zero heat flow, 26 wherein a thermistor insulated with a foam adhesive disk is attached to the subject between the skin and mattress. These devices were programmed to acquire data every 10 min for an indefinite period of time. Rectal temperatures were obtained once a shift and correlation was performed between skin and rectal temperatures. The correlation between rectal and skin temperatures was r ¼ 0.901.
Collection of clinical information
A log of activities was kept at the bedside and included information on time of feeds, wake and sleep, handling of sensors and air temperature. A separate record was kept on the date and time of the initial presentation of an infection and culture reports. The definition of sepsis was based on the criteria used by Gladstone et al.
27,28
Data analysis Frequency analysis was carried out using Matlab 6.5 (The Math Works, Inc., Natick, MA, USA). We measured the coherence, defined as the squared correlation between skin temperature and air temperature at each frequency. We plotted coherence (y axis) against cycle frequency on the x axis using linear scales, and then transformed the x axis into cycle period (min). Statistical analysis was carried out using SPSS for Windows version 12 (SPSS Inc., Chicago, IL). Data are presented as mean±s.d. if the distribution was parametric, or as median, percentiles and range otherwise. 
Protection of human subjects

Results
Patient characteristics
Among 11 patients enrolled into the study, two were eliminated because of technical problems. Clinical characteristics of the subjects are provided in Table 1 . Gestational age ranged between 25 and 40 weeks and postnatal age between 0 and 9 days. Figure 1 shows the tracings in a full-term infant. Several peaks of coherence were identified at various values of cycle duration. Table 2 shows that each patient had at least four peaks of coherence. These peaks are separated by troughs with low coherence <0.2 in all patients. The coherence decreased with the duration of the cycle in most but not all tracings.
Temperature analysis
Discussion
This pilot study using a novel system that allows frequency analysis of skin and air temperature in servo-controlled neonates showed coherence peaks at various cycle periods and maximum peak coherence at cycle periods of 2 h (1.5 to 3 h). The periods of maximum coherence in our study are equivalent to the most important periods of cyclic changes of single parameters found using other methods. 20 This pilot study has several limitations. First, the number of patients was limited by slow recruitment and availability of only one temperature probe generously provided by the company. Because of this small number, we may have missed maturational changes with GA or postnatal age. Second, the sampling interval of 10 min did not allow us to analyze short-cycle (high-frequency) rhythms. It is difficult to determine whether these cycles are a direct result of the neonate's interaction with its environment or a reflection of a far more complex mechanism resulting from central nervous system or hormonal maturation. Third, our analysis did not include heart rate, heating power or core-peripheral skin temperature gradient; therefore, we could not address the mechanisms of the observed cycles. The highest peaks of coherence were observed at a median cycle duration of 2 h (range 1 1 2 to 3 h), and thus could result in part from cycles of activity, feeding or patient care. Period 4 (cycle duration 20 to 29 min) could be vasogenic in origin or could be a result of inherent engineering properties of the servomechanism of the incubator. 25, [29] [30] [31] [32] The cycling period at which peak coherence was observed in this study had a median of 2 h, much longer than the typical cycling time of current servo-controlled incubators adjusting output to patient's temperature, that is, around 20 min. 25 Vasogenic changes could be assessed by following the abdomen-to-toe skin temperature gradient, which is known to decrease with Kangaroo care. 32 Fourth, artifactual data resulting from handling or loose probes posed additional problems in the two patients who were eliminated from the study. Fifth, it is possible that in our study the skinenvironmental gradient was increased 33 and that temperature cycles were attenuated in our study because of shielding the thermistor probes. 30 Premature infants may exhibit temperature instability as a response to infection or to total care nursing procedures. 34 Decreases in core temperature (abdomen) can be accompanied with even greater changes in peripheral temperature (toe), resulting in increases in temperature gap. 34 Studies are needed to determine whether detecting temperature instability may help the clinical diagnosis of infections in neonates, and what is the best Figure 1 Full-term infant, gestational age 40 weeks, birth weight 4.220 kg, 12 days of age (patient no. 6 in Table 2 ). method for achieving this. Whether frequency analysis of air and skin temperature integrated in continuous patient monitoring might become one day a useful clinical tool for this purpose cannot be determined by this study. One would need normative digital temperature data on a large sample size, at various stages of maturity (GA and PMA), as well as serial data from both septic and normal subjects, data on heart rate, heating power, core-peripheral skin temperature gradients, inter-and intra-assay variability, sensitivity, specificity, predictive value and cost analysis before frequency analysis of temperature could be considered for clinical use in neonates.
35 The table shows birth weight (BW), gestational age (GA) and postnatal age (PNA) at initiation, and the period (duration of the cycle) and peak coherence function estimates data for the five more prominent coherence peaks on the first available individual tracings.
Frequency analysis of air and skin temperature L De La Fuente et al
